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Abstract 

The  anodic  Pb(II)  films  formed  on  Pb,  Pb-Sb  and  Pb-Sn  alloys  at  0.9  V  (versus  Hg/Hg2S04)  in  4.5  mol/1  H2S04  solution  for  1  h  were 
studied  using  alternating  current  (ac)  impedance,  open  circuit  decay  curve  and  linear  sweep  voltammetry  methods.  Our  research  group  has 
obtained  the  thickness  of  the  anodic  PbO  film  on  Pb  from  the  photocurrent  measurement  and  proved  that  the  resistance  of  the  anodic  PbO 
film  is  close  to  that  of  the  interstitial  liquid  among  the  PbO  particles  in  the  film,  from  which  it  was  inferred  that  the  anodic  PbO  film  grows 
via  the  dissolution-precipitation  mechanism.  It  was  concluded  from  the  experimental  results  that  (1)  the  films  on  Pb-Sb  and  Pb-Sn  alloys 
also  grow  via  the  dissolution-precipitation  mechanism,  and  the  interstitial  liquid  may  serve  as  the  major  passage  for  ion  transportation 
during  the  film  growth,  (2)  Sn  facilitates  the  mechanism  of  oxidation  of  the  surface  layer  of  PbO  particles  to  PbO[+l  (0  <  x  <  1),  (3)  the 
influence  of  Sb  to  facilitate  the  growth  of  PbOi+x  is  smaller  than  that  of  Sn,  but  the  doping  effect  of  Sb(III)  in  the  PbO  crystals  is  more 
remarkable,  (4)  Sn  increases  the  porosity  of  the  anodic  PbO  film  remarkably.  All  of  the  above  effects  decrease  the  specific  resistance  of  the 
films.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Antimony  and  tin  are  the  important  additive  metals  of  the 
positive  grid  of  the  lead-acid  batteries.  There  have  been  a  lot 
of  research  works  on  the  effects  of  antimony  and  tin  to  the 
electrochemical  behavior  of  the  positive  grid  [1-6].  How¬ 
ever,  the  mechanisms  of  the  effects  have  still  not  been  fully 
understood  for  the  complexity  of  the  growth  mechanism  and 
the  composition  of  the  anodic  films  formed  on  lead  and  lead 
alloys  in  sulfuric  acid  solution.  The  growth  of  the  anodic 
PbO  film  has  two  possible  mechanisms.  One  is  a  dissolu¬ 
tion-precipitation  mechanism,  another  is  a  solid-state 
mechanism  [7],  Most  of  the  explanations  on  the  effects 
were  based  on  the  solid-state  mechanism  [8,9].  However, 
the  new  results  of  our  group  show  that  (1)  the  anodic  PbO 
film  grows  on  Pb  via  a  dissolution-precipitation  mechanism, 
(2)  the  film  is  composed  of  PbO  particles,  and  the  interstitial 
liquid  serves  as  the  major  passage  for  ion  transportation 
during  the  film  growth,  (3)  the  resistance  of  the  film  is  close 
to  that  of  the  interstitial  liquid  among  the  PbO  particles  in  the 
film  [10].  In  the  present  case,  the  ions  formed  by  the 
dissolution  of  PbO,  Sb2C>3  and  SnO  in  the  solution  of 
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pH  =  9  are  PbOOH  ,  Sb02  and  SnOOH  ,  respectively. 
The  saturated  solubility  values  of  Sb02-  and  SnOOH-  are 
close  to  that  of  PbOOH-  at  pH  =  9  and  25°C  [1 1-13],  Thus, 
when  the  film  grows  via  the  dissolution-precipitation 
mechanism,  the  anodic  Pb(II)  film  containing  Sb(III)  or 
Sn(II)  may  be  formed  through  the  co-precipitation  of  these 
ions  [14].  Through  this  process  both  Sb  and  Sn  affect  the 
electrochemical  behavior  of  the  positive  grid.  These  will  be 
discussed  in  the  present  work. 

2.  Experimental 

The  electrolyte  was  4.5  mol/1  H2S04  solution  prepared 
from  AR  grade  sulfuric  acid  and  distilled  water.  Pb,  Pb- 
1.0at.%Sn  and  Pb-1.0at.%Sb  alloys  were  used  as  the 
working  electrodes.  Pb-1.0at.%Sn  and  Pb-1.0at.%Sb 
alloys  were  prepared  using  Pb  (99.999%),  Sn  (99.9%) 
and  Sb  (99.9%).  A  Pt  plate  served  as  the  counter  electrode. 
The  reference  electrode  was  the  Hg/Hg2S04  electrode  con¬ 
taining  the  same  electrolyte  as  that  in  the  test  cell.  All 
potentials  reported  here  are  referred  to  the  Hg/Hg2S04 
reference  electrode. 

The  surface  of  the  lead  electrode  was  mechanically 
polished  with  emery  paper  of  successively  decreasing  grain 
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size  down  to  about  10  pin.  The  electrode  was  then  rinsed 
with  distilled  water,  and  placed  into  the  cell.  Before  anodiz¬ 
ing,  a  cathodic  polarization  at  —1.2V  for  20  min  was 
performed  to  remove  any  oxidation  products  formed  during 
the  pretreatment.  The  anodic  film  studied  in  the  present  work 
was  grown  on  the  working  electrodes  for  1  h  in  4.5  mol/1 
H2S04  solution  at  0.9  V,  the  potential  near  that  of  the 
positive  grid  of  lead/acid  batteries  at  deep-discharge. 

The  real  part  of  the  alternating  current  (ac)  impedance  (Z') 
varied  with  potential  (£),  cyclic  voltammogram  (CV)  and 
open  circuit  decay  (OCD)  curve  were  measured  by  using  a 
CHI-660  electrochemistry  work  station. 

The  linear  sweep  voltammetry  (LSV)  was  carried  out  by 
using  an  EG&G  PARC  273  potentiostat/galvanostat  con¬ 
trolled  by  an  EG&G  PARC  270  software. 

The  ac  impedance  measurements  were  carried  out  by 
using  a  potentiostat/galvanostat  (EG&G  PARC  273),  a 
two-phase  lock-in  analyzer  (EG&G  PARC  5208),  and  an 
ac  impedance  software  (EG&G  PARC  378).  The  amplitude 
of  the  ac  signal  was  5  mV.  The  frequency  range  was  between 
1  x  103  and  1  x  105  Hz.  The  electrochemical  impedance 
spectra  were  analyzed  using  an  EG&G  PARC  EQUIVCRT 
impedance  modelling  software. 

All  experiments  were  carried  out  at  25  ±  2°C. 


3.  Results  and  discussion 

3.1.  71  versus  E  and  OCD  curves 

71  versus  E  curves  for  the  anodic  films  formed  on  Pb,  Pb- 
Sn  and  Pb-Sb  electrodes  at  0.9  V  in  4.5  mol/1  H2SO4  solu¬ 
tion  are  shown  in  Fig.  1.  It  can  be  found  that  both  Sn  and  Sb 
decrease  the  value  of  Z'.  The  Z'  peaks.  Cl  (—0.58),  C2 
(—0.67)  and  C3(— 0.73  V),  appear  in  the  curves  for  Pb- 
1.0  at.%Sn  and  Pb-1.0  at.%Sb  electrodes  at  E  <  —0.50  V, 


but  it  does  not  appear  in  the  curve  for  Pb  electrode.  Peak  Cl 
may  correspond  to  the  reduction  of  Sb(III)  [15],  and  to  the 
cathodic  peak  F  (—0.58  V)  in  the  LSV  curve  for  Pb- 
1.0  at.%Sb  electrode  in  Fig.  2.  Peaks  C2  and  C3  may 
correspond  to  the  reduction  of  PbO  1 +A  (0  <  x  <  1)  on 
Pb-1.0  at. %Sb  and  Pb-1.0  at. %Sn,  respectively.  The 
appearance  of  peak  Cl  may  be  due  to  the  existence  of 
two  forms  of  Sb(III)  in  the  anodic  film.  The  anodic  Pb(II) 
film  grows  via  the  dissolution-precipitation  mechanism,  so 
some  Sb(III)  may  be  doped  into  the  PbO  crystals  and  the 
other  can  form  Sb203  crystals  through  the  co-precipitation 
as  discussed  above  (but  if  the  anodic  Pb(II)  film  grows  via 
the  solid-state  mechanism,  the  Sb203  particles  would  hardly 
be  formed,  for  the  uniform  distribution  of  Sb  atoms  in  the  Pb 
substrate  and  the  uniform  diffusion  of  oxygen  into  the  film). 
The  anodic  film  becomes  an  n-type  semiconductor  for  the 
doping  of  Sb(III)  into  the  PbO  crystals,  and  as  a  result  Sb 
decreases  the  specific  resistance  of  the  film  [5].  The  reduc¬ 
tion  of  the  doped  Sb(III),  earlier  than  that  of  Sb203  particles, 
increases  the  specific  resistance  of  the  film,  so  does  the  value 
of  Z'.  The  reduction  of  the  Sb203  particles  to  Sb  decreases 
the  specific  resistance  of  the  film  and  so  does  the  value  of  Z'. 
This  leads  to  the  appearance  of  peak  Cl.  For  peaks  C2  and 
C3,  they  may  be  due  to  the  increase  in  the  specific  resistance 
of  the  PbOi+A-  with  decreasing  of  the  x  value  [16].  The 
reduction  of  Pb01+A  to  PbO  will  increase  the  resistance  of 
the  film,  but  the  following  reduction  of  PbO  to  Pb  will 
decrease  the  resistance  of  the  film.  This  makes  the  formation 
of  peaks  C2  and  C3. 

The  existence  of  the  PbOi+A  in  the  anodic  film  can  be 
demonstrated  through  the  OCD  curves  in  Fig.  3  and  Fig.  4. 
Two  Pb-1.0  at.%Sn  electrodes  were  anodized  at  0.9  V  for 
1  h,  then  followed  by  cathodic  reduction  using  LSV 
(v  =  1  mV/s)  to  —0.50  V  (the  start  potential  of  the  Z'  peak, 
the  potential  of  A  as  shown  in  the  curve  b  of  Fig.  1)  and 
—0.73  V  (the  peak  potential  of  the  Z'  peak,  the  potential  of  B 


Fig.  1.  The  real  part  of  the  impedance  (Z)  vs.  E  plots  for  the  anodic  films  formed  on  Pb.  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  at  0.9  V  for  1  h,  /  —  1000  Hz, 
scan  rate  v  =  1  mV/s,  scan  range  0.9  to  —1.2  V  (0.9-0.4  V  is  not  shown  in  the  figure):  (a)  Pb;  (b)  Pb-1.0  at.%Sn;  (c)  Pb-1.0  at.%Sb. 
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Fig.  2.  LSV  plots  for  the  anodic  films  formed  on  Pb,  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  at  0.9  V  for  1  h,  scan  rate  v  =  1  mV/s,  scan  range  0.9  to  —1.2  V  (0.9 
to  —0.4  V  is  not  shown  in  the  figure):  ( — )  Pb;  ( - )  Pb-1.0  at.%Sn;  (•  •  •)  Pb-1.0  at.%Sb. 


as  shown  in  the  curve  b  of  Fig.  1),  respectively,  and  finally 
the  OCD  curves  were  measured,  as  shown  in  Fig.  3.  Simi¬ 
larly,  two  Pb-1.0  at.%Sb  electrodes  were  anodized  at  0.9  V 
for  1  h,  then  followed  by  cathodic  reduction  using  LSV 
(v  =  1  mV/s)  to  —0.61  V  (the  start  potential  of  the  Z'  peak, 
the  potential  of  A  as  shown  in  the  curve  c  of  Fig.  1)  and 
—0.67  V  (the  peak  potential  of  the  Z'  peak,  the  potential  of  B 
as  shown  in  the  curve  c  of  Fig.  1),  respectively,  and  finally 
the  OCD  curves  were  measured,  as  shown  in  Fig.  4. 

For  the  Pb-1.0  at.%Sn  electrode,  the  PbO| _  v  in  the  film  is 
still  not  reduced  at  the  start  potential  of  the  Z'  peak  C3  (A  as 
shown  in  the  curve  b  of  Fig.  1,  —0.50  V),  so  the  steady 
potential  should  be  higher  than  that  of  the  equilibrium 


potential  of  PblPbOIPbSO,*.  However,  it  should  be  close 
to  the  equilibrium  potential  of  PblPbOIPbS04  when  the 
circuit  is  opened  at  the  peak  potential  of  the  Z'  peak  C3 
(B  as  shown  in  the  curve  b  of  Fig.  1,  —0.73  V),  where  the 
PbO  |  +x  in  the  film  has  been  reduced  to  PbO.  Fig.  3  shows 
that  the  steady  potential  is  —0.36  V  for  the  circuit  opening  at 
B.  This  potential  can  be  thought  as  the  steady  potential  of  the 
anodic  PbO  film  (containing  Sn)  formed  on  the  Pb- 
1 .0  at.%Sn  electrode  (the  equilibrium  potential  of  the  anodic 
PbO  film  formed  on  pure  lead  electrode  has  been  estimated 
to  be  —0.32  V  [9],  which  is  close  to  this  steady  potential).  If 
the  circuit  is  opened  at  A,  the  open  circuit  potential  will 
reach  the  climax,  —0.344  V,  then  slowly  decay  until  the 


Fig.  3.  Open  circuit  decay  curves  for  Pb-1.0  at.%Sn  anodized  at  0.9  V  for  1  h,  followed  by  cathodic  reduction  using  LSV  (v  =  1  mV/s)  to  —0.50  and 
—0.73  V,  respectively,  then  in  open  circuit:  (a)  —0.50;  (b)  —0.73  V. 
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Fig.  4.  Open  circuit  decay  curves  for  Pb— 1.0at.%Sb  anodized  at  0.9  V  for 
—0.67  V,  respectively,  then  in  open  circuit:  (a)  —0.61;  (b)  —0.67  V. 

steady  potential,  —0.35  V,  which  is  10  mV  higher  than  the 
above  steady  potential,  —0.36  V.  This  shows  that  the  poten¬ 
tial  of  PbOi+T  is  higher  than  that  of  PbO,  because  its 
chemical  potential  is  higher  than  that  of  PbO  for  its  more 
oxygen  content.  Therefore,  the  Z!  peak  C3  in  Fig.  1  corre¬ 
sponds  to  the  reduction  of  the  Pb01+Jc. 

For  the  Pb-1.0  at.%Sb  electrode,  the  Pb01+T  in  the  film  is 
still  not  reduced  at  the  start  potential  of  the  Z'  peak  C2  (A  in 
the  curve  c  of  Fig.  1,  —0.61  V),  and  so  the  steady  potential 
should  be  higher  than  the  equilibrium  potential  of 
PblPbOIPbS04.  However,  it  should  be  close  to  the  equili¬ 
brium  potential  of  PblPbOIPbS04  when  the  circuit  is  opened 
at  the  peak  potential  of  the  Z'  peak  C2  (B  in  the  curve  c  of 
Fig.  1,  —0.67  V),  where  the  Pb01+v  in  the  film  has  been 
reduced  to  the  PbO.  Fig.  4  shows  that  the  steady  potential  is 
—0.38  V  for  the  circuit  opening  at  B.  The  potential  can  be 
thought  as  the  steady  potential  of  the  anodic  PbO  film 
(containing  Sb)  formed  on  the  Pb-1.0  at.%Sb  electrode 
(which  is  lower  than  the  above  steady  potential  of  Pb-Sn 
electrode.  This  may  be  due  to  the  film  containing  Sb203.  For 
the  equilibrium  potential  of  Sb/Sb203  is  —0.42  V  [1 1],  lower 
than  that  of  Pb/PbO).  If  the  circuit  is  opened  at  point  A,  the 
open  circuit  potential  will  reach  the  climax,  —0.369  V,  then 
slowly  decay,  which  is  10  mV  higher  than  the  above  steady 
potential,  —0.38  V.  This  shows  that  the  potential  of  Pb01+J 
is  higher  than  that  of  PbO,  because  its  chemical  potential  is 
higher  than  that  of  PbO  for  its  more  oxygen  content.  There¬ 
fore,  the  Z'  peak  C2  in  Fig.  1  also  corresponds  to  the 
reduction  of  the  Pb01+Y. 

Fig.  1  shows  that  the  Z'  peak  corresponding  to  the 
reduction  of  Pb01+x,  does  not  appear  in  the  curve  of  Pb 
electrode. 

All  of  the  above  results  show  that  Sn  and  Sb  facilitate  the 
process  of  oxidation  of  the  surface  layer  of  the  PbO  particles 
to  Pb01+Jc. 


1  h,  followed  by  cathodic  reduction  using  LSV  (v  =  1  mV/s)  to  —0.61  and 


3.2.  LSV 

Fig.  2  shows  the  LSV  curves  for  Pb,  Pb-1.0  at.%Sn  and 
Pb-1.0  at. %Sb  electrodes.  Peaks  D  (—0.89,  —0.87  and 
—0.85  V)  corresponds  to  the  reduction  of  the  Pb(II)  oxides 
in  the  anodic  films,  and  peaks  E  (—0.98,  —0.97  and 
-0.98  V)  to  the  reduction  of  PbS04.  Peak  F  (-0.58  V) 
corresponds  to  the  reduction  of  Sb203  [15].  The  reduction 
potential  of  the  PbO]+T  decreases  with  the  x  values  during 
the  reduction  of  the  PbOi+v.  So  no  sharp  reduction  peaks 
appear  in  the  LSV  curves.  According  to  the  range  of  the 
reduction  potential  of  PbO]+Y  in  Fig.  1,  the  reduction  charge 
(Gab)  °f  PbO|+x  can  be  calculated,  as  shown  in  Table  1. 

According  to  the  reduction  charges  gD  of  the  peak  D  of 
the  LSV  curves  in  Fig.  2  and  the  reduction  charges  QAB 
(Table  1),  it  can  be  found  that  the  quantity  of  the  PbO]+x  in 
the  anodic  film  is  small  (the  2ab/<2d  values  are  <4%) 
(Table  2).  Table  2  shows  that  the  Q,\\JQ\)  value  of  Pb-Sn 


Table  1 

Reduction  charges  QAB  for  Pb01+JC  in  the  anodic  films  formed  on  Pb- 
1.0  at.%Sn  and  Pb-1.0  at.%Sb  at  0.9  V  for  1  h 


Electrode 

Reduction  potential 

Reduction  charges 

range  of  PbOi+jC  (V) 

Qab  (mC/cm2) 

Pb-1.0  at.%Sn 

-0.50  to  -0.73 

8.4 

Pb-1.0  at.%Sb 

-0.61  to  -0.67 

2.1 

Table  2 

Qab  and  Qd 

Pb 

Pb-1.0  at.%Sn 

Pb-1.0  at.%Sb 

Qab  (mC/cm2) 

0 

8.4 

2.1 

Qd  (mC/cm2) 

253 

270 

170 

<2ab/ Qd 

0 

0.031 

0.012 
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Table  3 

Reduction  charges  Q\  .  and  QD 


Pb  (-0.86  V)a 

Pb-1.0  at.%Sn 
(-0.81  V)a 

Pb-1.0  at.%Sb 
(-0.80  V)a 

C2l  (mC/cm2) 

37.0 

55.5 

38.3 

(2d  (mC/cm2) 

253 

270 

170 

QJQd 

0.146 

0.206 

0.225 

a  At  this  potential  Z!  reaches  5  O  cm2. 


alloy  is  more  than  that  of  Pb-Sb  alloy.  Thus,  Pb-Sn  shows 
more  favor  to  the  formation  of  PbO  |  +x.  If  the  anodic  film 
grows  via  a  solid-state  mechanism,  the  reduction  of  so  small 
quantity  of  PbOi+x,  as  discussed  above,  could  not  remark¬ 
ably  affect  the  Z'  value  of  the  anodic  film,  for  the  resistance 
of  the  oxides  in  the  film  are  in  series.  However,  if  the  anodic 
film  grows  via  a  dissolution-precipitation  mechanism,  the 
surface  layer  of  the  PbO  particle  may  be  oxidized  to  Pb01+T. 
The  resistance  of  the  PbO  particles  covered  with  PbOi+x 
may  be  much  lower  than  that  of  the  original  PbO  particles, 
even  close  to  that  of  the  interstitial  liquid.  Therefore,  the 
reduction  of  Pb01+T  to  PbO  can  remarkably  affect  the 
resistance  of  the  film. 

Figs.  1  and  2  show  that  the  Z'  values  decreases  greatly  for 
reducing  only  a  small  quantity  of  the  anodic  films.  For 
example,  when  the  potential  of  the  LSV  is  swept  to  the 
potential  at  which  Z'  is  only  5  Q  cm2  (lowering  of  ca.  87%  of 
the  Z'  value  at  B  in  Fig.  1),  but  the  quantity  of  the  charges  for 
the  reduction  (QL)  is  <23%  of  that  of  peak  D  in  Fig.  2,  as 
shown  in  Table  3.  This  obviously  does  not  conform  with  the 
solid-state  mechanism,  because  according  to  the  solid-state 
mechanism  the  decreasing  value  of  Z'  should  nearly  be  in 
direct  proportion  to  the  reduction  charges  for  the  anodic 
film.  In  fact,  this  is  not  true  in  the  present  work.  If  the  films 
grow  via  the  dissolution-precipitation  mechanism,  the  sur¬ 
face  layer  of  the  oxide  particles  would  be  first  reduced,  then 
the  oxide  particles  would  be  covered  with  a  layer  of  good 
conductor  Pb.  Apparently,  it  can  cause  the  resistance  of  the 
anodic  film  greatly  decreased  and  the  required  reduction 
charges  can  be  only  a  small  portion  of  QD. 

3.3.  EIS 

When  the  potential  of  the  anodic  oxidation  for  lead  in 
sulfuric  acid  solution  is  in  the  PbO  potential  region  (—0.40  to 
0.95  V)  [17],  a  complex  composition  of  the  anodic  film  on 


the  lead  electrode  will  be  obtained,  i.e.  Pb/PbO/3PbO  Pb- 
S04H20/Pb0PbS04/PbS04,  with  PbO,  PbOPbS04,  and 
PbS04  as  the  major  components  [10,18]. 

Our  research  group  [10]  has  obtained  the  thickness  of  the 
anodic  PbO  film  from  the  photocurrent  measurement  and 
proved  that  the  resistance  of  the  anodic  PbO  film  is  close  to 
that  of  the  interstitial  liquid  among  the  PbO  particles  in  the 
film,  from  which  it  was  inferred  that  the  anodic  PbO  film 
grows  via  the  dissolution-precipitation  mechanism. 

The  equivalent  circuit  for  analysis  of  the  impedance  data 
is  shown  in  Fig.  5  [10],  where  R1  stands  for  the  resistance  of 
the  electrolyte,  R2  and  C3  are  the  resistance  and  capacitance 
of  the  anodic  film  containing  PbS04  and  PbOPbS04, 
respectively,  R5  and  C4  are  the  resistance  and  capacitance 
of  the  anodic  PbO  film,  respectively,  R6  stands  for  the 
polarization  resistance,  and  C7  is  the  capacitance  of  the 
double  layer.  In  this  equivalent  circuit  the  resistance  and 
capacitance  of  the  anodic  PbO  film  are  separated  from  those 
of  the  other  components  of  the  anodic  film. 

The  major  components  of  the  anodic  films  formed  on  the 
Pb-Sn  and  Pb-Sb  alloys  are  the  same  as  that  formed  on  Pb. 
Therefore,  the  equivalent  circuit  as  shown  in  Fig.  5  is  also 
used  for  the  analysis  of  the  impedance  data  of  the  films 
formed  on  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  alloys. 

The  Nyquist  plots  for  the  anodic  films  are  depicted  in 
Fig.  6.  It  can  be  found  that  the  simulated  plots  fit  the 
experimental  plots  well. 

Table  4  lists  the  parameters  in  the  equivalent  circuit. 

The  values  of  the  parameters  of  Pb-1.0  at.%Sn  and  Pb- 
1.0  at.%Sb  shown  in  Table  4  are  close  to  those  of  Pb,  so  the 
anodic  films  formed  on  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb 
also  grow  via  the  same  mechanism  for  that  on  Pb,  i.e.  the 
dissolution-precipitation  mechanism. 

According  to  the  dissolution-precipitation  mechanism, 
the  decrease  of  the  resistance  of  the  PbO  film  formed  on  Pb- 
Sn  alloy  (R5)  may  be  due  to  two  reasons  ( 1 )  the  resistance  of 
the  solid  phase  (PbO  particles)  decreases  for  the  oxidation  of 
the  surface  layer  of  the  PbO  particles  to  PbOi+v,  whose 
specific  resistance  is  smaller  than  that  of  PbO,  (2)  the 
additive  Sn  increases  the  porosity  of  the  him  (as  inferred 
from  the  increase  of  double  layer  capacitance  (C7)  and  so 
decreases  the  resistance  of  the  liquid  phase  (interstitial 
solution  among  the  PbO  particles). 

According  to  the  dissolution-precipitation  mechanism, 
the  decrease  of  the  resistance  of  the  PbO  him  formed  on  Pb- 
Sb  alloy  (R5)  may  be  due  to  two  reasons  (1)  the  doping  of 


Fig.  5.  The  equivalent  circuit  of  the  anodic  film  [10]. 
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Fig.  6.  The  Nyquist  plots  for  the  anodic  films  formed  on  Pb,  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  at  0.9  V  for  1  h:  (□)  experimental  for  Pb;  (#)  simulated  for 

Pb;  (A)  experimental  for  Pb-1.0  at. %Sb;  ( —  x  — )  simulated  for  Pb-1.0  at.%Sb;  (O)  experimental  for  Pb-1.0  at.%Sn;  ( - 1 - )  simulated  for  Pb- 

1.0  at.%Sn. 


Sb(III)  decreases  the  resistance  of  the  solid  phase  (PbO 
particles),  (2)  the  oxidation  of  the  surface  layer  of  the  PbO 
particles  to  Pb01+A,  whose  specific  resistance  is  smaller  than 
that  of  PbO,  also  decreases  the  resistance  of  the  solid  phase. 

The  induction  period  of  the  growth  of  o-PbO  is  shorter 
than  that  of  f-PbO  and  the  additive  Sb  can  decrease  the 
induction  period  of  o-PbO  [14].  This  may  be  due  to  the  o- 
PbO  and  0-Sb2C>3  crystals  formed  through  co-precipitation 
both  belonging  to  the  orthorhombic  system.  And  their 
belonging  to  the  same  system  leads  to  the  porosity  of  the 
anodic  film  formed  on  Pb-1.0  at.%Sb  electrode  close  to  that 
of  Pb.  However,  SnO  crystals  belong  to  the  tetragonal 
system,  not  isomorphic  with  o-PbO  crystals,  so  the  porosity 
of  the  anodic  film  formed  on  Pb-1.0  at.%Sn  electrode  is 
larger  than  that  on  Pb  (Table  4). 

As  shown  above,  the  anodic  films  formed  on  Pb-Sn  and 
Pb-Sb  alloys  at  0.9  V  grow  via  the  dissolution-precipitation 
mechanism,  the  interstitial  liquid  among  the  PbO  particles 
may  serve  as  the  major  passage  for  ion  transportation  during 
the  film  growth,  and  the  surface  layer  of  the  PbO  particles 
can  be  oxidized  to  Pb01+A.  The  formation  of  Pb01+v  may  be 
due  to  the  larger  bond  energy  of  SnO  and  Sb2C>3  (the  values 
of  the  dissociation  heat  of  SnO  (g)  =  Sn  (g)+0  (g),  SbO 
(g)=Sb(g)  +  O  (g)  and  PbO(g)  =  Pb  (g)  +  O  (g)  are  527, 
410  and  372  kJ/mol,  respectively)  [19].  This  makes  the 
following  reaction  easier  to  happen  on  the  surface  of  the 
SnO  and  Sb203  crystals  [20]. 

H20  ->  Oad  +  2H+  +  2e~ 


This  causes  the  concentration  of  Oad  higher  on  the  sur¬ 
faces  of  SbO  and  SbiO}  crystals,  which  favors  the  diffusion 
of  Oad  to  the  surface  of  the  PbO  particles  and  growth  of 
Pb01+T. 

The  CV  curves  of  the  anodic  films  formed  on  Pb,  Pb- 
1.0  at. %Sn  and  Pb-1.0  at.%Sb  are  compared  as  shown  in 
Fig.  7.  Fig.  7  shows  that  the  amount  of  the  evolved  oxygen 
and  the  current  density  for  the  growth  of  Pb02  on  the  anodic 
films  formed  on  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  are  much 
higher  than  those  on  Pb.  Moreover,  the  differences  between 
the  charges  for  the  anodic  oxidation  and  those  for  the 
cathodic  reduction,  of  Pb,  Pb-1.0  at. %Sn  and  Pb- 
1.0  at.%Sb  electrodes  in  Fig.  7  are  0.248,  0.328  and 
0.386  C/cm2,  respectively.  The  differences  are  correlated 
mainly  with  the  oxygen  evolution.  Hence,  the  oxygen 
evolution  overpotentials  of  the  anodic  films  formed  on 
Pb-1.0  at. %Sn  and  Pb-1.0  at. %Sb  are  lower  than  that  on 
Pb.  Then  the  amounts  of  Oad  produced  on  the  anodic  film 
formed  on  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  are  both  larger 
than  that  on  Pb.  This  favors  the  combination  of  Oad,  evolu¬ 
tion  of  02,  growth  of  Pb02  and  oxidization  of  PbO  to 
Pb01+T.  This  difference  for  the  Pb-Sn  alloy  is  less  than 
that  for  the  Pb-Sb  alloy,  because  the  adsorption  strength  of 
Oad  on  the  anodic  film  formed  on  Pb-1.0  at.%Sn  is  stronger 
than  that  of  Pb-1.0  at.%Sb  (for  the  bond  energy  of  SnO  is 
much  higher  than  that  of  Sb203).  It  favors  the  diffusion  of 
Oad  to  PbO,  and  so  does  the  growth  of  Pb01+A.  for  the  film  on 
Pb-Sn  than  that  on  Pb-Sb,  but  makes  less  evolution  of 
oxygen  for  the  film  on  Pb-Sn  than  that  on  Pb-Sb. 


Table  4 

R2,  C3,  C4,  R5,  R6,  and  C7  for  Pb,  Pb-0.3  at.%Sn,  Pb-1.0  at.%Sn 

Electrode  R2(f2cm2)  C3  (|rF/cm2)  C4  (|tF/cm2)  R5  (fi  cm2)  R6  (kQ  cm2)  C7  (|rF/cm2) 

Pb  38  1.1  0.30  34  1.3  0.26 

Pb-1.0  at.%Sb,  15.2  3.18  0.556  21.4  1.23  0.32 

Pb-1.0  at.%Sn  23.4  1.80  0.635  8.71  0.14  1.29 


H.-T.  Liu  et  al.  / Journal  of  Power  Sources  103  (2002)  173—179 


179 


E/V 


Fig.  7.  Cyclic  voltammograms  at  30th  cycle  for  Pb,  Pb-1.0  at.%Sn  and  Pb-1.0  at.%Sb  in  4.5  mol/1  H2SO4,  scan  rate  20  mV/s,  scan  range  0.9-1.65  V.  (1)  Pb; 
(2)  Pb-1.0  at.%Sn;  (3)  Pb-1.0  at.%Sb. 


4.  Conclusions 

1 .  The  films  on  Pb-Sb  and  Pb-Sn  alloys  also  grow  via  the 
dissolution-precipitation  mechanism,  and  the  interstitial 
liquid  may  serve  as  the  major  passage  for  ion 
transportation  during  the  film  growth. 

2.  Sn  facilitates  the  mechanism  of  oxidation  of  the  surface 
layer  of  PbO  particles  to  PbO ,  +x  (0  <  x  <  1). 

3.  The  influence  of  Sb  to  facilitate  the  growth  of  PbOl+Y  is 
smaller  than  that  of  Sn,  but  the  doping  effect  of  Sb(III) 
in  the  PbO  crystals  is  more  remarkable. 

4.  Sn  increases  the  porosity  of  the  anodic  PbO  film 
remarkably. 

All  of  the  above  effects  decrease  the  specific  resistance  of 

the  films. 
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